The insect nodavirus Flock house virus (FHV) has a small genome divided between two segments of positive-sense RNA, RNA1 and RNA2. RNA1 encodes the RNA-dependent RNA polymerase (RdRp) catalytic subunit and templates the synthesis of a subgenomic RNA (RNA3) that encodes two small nonstructural proteins. Replication of RNA2, which encodes a precursor to the viral capsid proteins, suppresses RNA3 synthesis. Here we report that RNA1 mutants deficient in RNA3 synthesis failed to support RNA2 replication. This effect was not caused by alterations in the RdRp catalytic subunit nor by a lack of the proteins encoded by RNA3. Furthermore, RNA3 supplied in trans from an exogenous source restored RNA2 replication. These data indicate that RNA3 transactivates the replication of RNA2, a novel property for a viral RNA. We propose that the RNA3 dependence of RNA2 replication serves to coordinate replication of the FHV genome segments. © 2002 Elsevier Science (USA)
INTRODUCTION
Genome segmentation is common among RNA viruses, including medically and economically important pathogens of humans, livestock, and plants. For such viruses, replication of each genome segment is intimately related with that of the other segments because they are replicated by the same viral RNA-dependent RNA polymerase (RdRp). Since a full complement of genome segments is needed for viral infectivity, optimal viral propagation requires coordinated replication among the segments. However, because replication is exponential, any replicative imbalance will inevitably be amplified to the ultimate detriment of infectivity. Although these considerations predict the existence of mechanisms to coordinate the replication of RNA genome segments, the question remains largely unexplored.
Viruses in the family Nodaviridae are attractive models for investigating mechanisms of genome segment coordination for several reasons. Nodavirus genomes are among the smallest of all animal viruses (approx. 4.5 kb) and are divided between just two segments of positivesense RNA (reviewed in Ball and Johnson, 1998) . Although the natural host range of nodaviruses is limited primarily to insects and fish, a wide variety of eukaryotic cells support robust nodaviral RNA replication. Moreover, the availability of infectious cDNA clones of several nodaviruses has permitted reverse genetic approaches to the study of RNA replication Johnson, 1998, 1999; Iwamoto et al., 2001; .
The genome organization of Flock house virus (FHV), the most extensively studied nodavirus, is shown in Fig.  1 . The larger genome segment, RNA1 (3107 nt), encodes protein A, the catalytic subunit of the RdRp (Gallagher et al., 1983; . The smaller genome segment, RNA2 (1400 nt), encodes protein ␣, the precursor to the viral capsid proteins . The genomic RNAs accumulate to approximately equimolar amounts throughout most of the replicative cycle (Ball and Johnson, 1998) , and both genome segments are copackaged into each infectious virion (Krishna and Schneemann, 1999; Selling and Rueckert, 1984) . Early during replication, a subgenomic RNA (RNA3, 387 nt) that is 3Ј coterminal with RNA1 is transcribed (Gallagher et al., 1983; Guarino et al., 1984) . Similar to the genome segments, the subgenomic RNA is capped but not polyadenylated . However, RNA3 is not packaged into virions (Friesen and Rueckert, 1982) . RNA3 encodes two small nonstructural proteins, B1 and B2 (Dasmahapatra et al., 1985; Friesen and Rueckert, 1982; Guarino et al., 1984; Harper, 1994) . The functions of these proteins are unknown, but each is dispensable for RNA1 replication and RNA3 transcription in cultured mammalian and yeast cells (Ball, 1995; Price et al., 2000) . When RNA2 replication begins, RNA3 synthesis is severely inhibited by a mechanism that is independent of the RNA2-encoded capsid protein (Gallagher et al., 1983; Zhong and Rueckert, 1993 ).
Here we present evidence that FHV RNA3 is required to transactivate the replication of RNA2. This requirement constitutes a second aspect of the regulatory relationship between RNAs 2 and 3 ( Fig. 1) , and we propose that both aspects serve to coordinate genome segment replication. To our knowledge, RNA3 is the first example of an RNA product of replication that is required to transactivate the replication of another RNA.
RESULTS

Separation of the mRNA and template functions of RNA1
FHV RNA1 replicates autonomously because it encodes the entire viral contribution to the RdRp and also serves as a template for RNA replication (Gallagher et al., 1983) . We have previously reconstructed nodavirus RNA replication from cDNA clones in BSR-T7/5 cells, a subline of BHK-21 cells that constitutively express T7 RNA polymerase in the cytoplasm (Albariño et al., 2001; Buchholz et al., 1999; . A T7 transcription plasmid containing RNA1 cDNA was transfected into BSR-T7/5 cells in the absence or presence of a second transcription plasmid containing RNA2 cDNA. RNA replication products were specifically labeled 48 h posttransfection by metabolic incorporation of [ 3 H]uridine in the presence of actinomycin D to inhibit DNAdependent RNA synthesis. After labeling, total cellular RNAs were extracted, resolved by electrophoresis on denaturing 1% agarose-formaldehyde gels, and visualized by fluorography (Ball, 1992) . When the same RNA1 molecule functioned as both mRNA and replication template, BSR-T7/5 cells supported abundant RNA1 replication and RNA3 synthesis (Fig. 2, lane 1) . Cotransfection of the plasmid FHV2(0,0), which expressed RNA2, reconstructed the authentic pattern of genome segment replication, including the suppression of RNA3 synthesis (Fig.  2, lane 2) .
To examine the properties of RNA1 as a replication template free of coding constraints, we separated its template and message properties onto two different RNAs expressed from separate T7 transcription plasmids. Because cytoplasmic T7 transcripts are uncapped and therefore poorly translated, we replaced the 5Ј-untranslated region (UTR) of RNA1 with an internal ribosome entry site (IRES) (Jackson and Kaminski, 1995) to enhance protein A translation. Plasmid pTMFA encodes an RNA containing the FHV protein A ORF (ORF A) preceded by a picornaviral IRES which increased protein A expression in BSR-T7/5 cells about 10-fold (data not shown). Because the mRNA transcribed from pTMFA lacked the entire 5Ј-and 3ЈUTRs of RNA1, it was not FIG. 1. FHV genome organization and regulatory interactions during RNA replication. FHV genomic RNAs 1 and 2 and subgenomic RNA3 are depicted schematically (not to scale). Open reading frames and untranslated regions are depicted as shaded rectangles and thick lines, respectively. Protein A catalyzes the replication of RNAs 1 and 2 and transcription of subgenomic RNA3 from RNA1. RNA2 encodes the capsid protein (CP) precursor ␣, and RNA3 encodes the nonstructural proteins B1 and B2. Two regulatory interactions during RNA replication are indicated by the right and left arrows: transactivation of RNA2 replication and suppression of RNA3 synthesis, respectively.
FIG. 2.
Small deletions in RNA1 immediately 5Ј of the RNA3 region inhibit both subgenomic RNA3 transcription and RNA2 replication. Frameshifted, full-length (FST), and deleted RNA1 templates are depicted schematically (not to scale). These RNA1 templates did not encode functional RdRp due to a frameshift (FS) in ORF A. RNA1 deletions shared an upstream boundary at nt 2670 and extended 10-50 nt downstream toward the 5Ј end of RNA3, indicated with a bent arrow (nt 2721). BSR-T7/5 cells were transfected with the protein A expression plasmid pTMFA and plasmids encoding FST or deleted RNA1 templates in the absence or presence of the plasmid FHV2(0,0) to provide RNA2. Forty-eight hours later, replication products were metabolically labeled for 4 h with [
3 H]uridine in the presence of actinomycin D. Total cellular RNAs were resolved by electrophoresis on denaturing 1% agarose-formaldehyde gels and visualized by fluorography. Labeled RNAs from cells transfected with FHV1(1,0) (WT; lane 1) or FHV1(1,0) and FHV2(0,0) (WTϩFHV2; lane 2) were run for comparison. FHV RNAs 1, 2, and 3 are indicated; 1D and 3D indicate homodimers of RNAs 1 and 3, respectively; * indicates a 3.7-kb band of the size expected for the T7 transcript from pTMFA. replicated (Fig. 2, lane 3) . In a separate T7 transcription plasmid (designated FST), we introduced a frameshift mutation into the full-length RNA1 sequence, which yielded a template for replication that was unable to express protein A. As expected, cells transfected with FST alone showed no RNA replication (data not shown), but cotransfection with pTMFA resulted in both RNA1 replication and RNA3 transcription (Fig. 2, lane 4) . However, when pTMFA was cotransfected with FHV2(0,0), the RdRp failed to replicate RNA2 (Fig. 2, lane 9) . This result was reproduced even when the amount of FHV2(0,0) was increased 10-fold (data not shown). Addition of FST to provide an RNA1 template restored RNA2 replication (Fig. 2, lane 10) , confirming our earlier observations that RNA2 replication required some aspect of RNA1 replication beyond the RdRp (Fig. 1) . As observed with WT RNA1, replication of FST RNA1 was somewhat reduced in the presence of RNA2, and as seen during FHV infection of cultured Drosophila cells (Gallagher et al., 1983; Zhong and Rueckert, 1993) , synthesis of RNA3 was almost completely suppressed (Fig.  2 , compare lanes 1 and 2 with 4 and 10). Two minor RNAs were also detected when the RdRp from pTMFA was actively replicating RNA1 (Fig. 2, lane 4) : the RNA species designated 3D is a covalent head-to-tail dimer of RNA3 that we have characterized previously (Albariño et al., 2001) ; the 3.7-kb RNA designated with an asterisk corresponds in size to the primary transcript of pTMFA.
Deletions in RNA1 immediately upstream of the RNA3 region inhibited both RNA3 synthesis and RNA2 replication Subgenomic RNA3 is produced during replication of all nodaviruses that have been examined (Ball and Johnson, 1998; Delsert et al., 1997; Iwamoto et al., 2001; , but the subgenomic promoters have yet to be defined. The 5Ј end of FHV RNA3 corresponds to G2721 in RNA1 (Ball, 1995) . To identify regions in RNA1 necessary for RNA3 synthesis, we introduced deletions in plasmid FST immediately upstream of G2721 as depicted in Fig. 2 . These deletions all shared an upstream boundary at nt 2670 and extended 10-50 nt downstream toward G2721. Their RNA template properties were examined by providing RdRp from pTMFA as before. Replication of the RNA1 templates was unaffected by any of the deletions, but RNA3 synthesis was essentially eliminated by deletions of 40 or 50 nt (Fig. 2,  lanes 4-8) . Remarkably, RNA2 replication was also profoundly inhibited by the latter deletions in RNA1 (Fig. 2,  lanes 13 and 14) , and the RNA2-mediated suppression of RNA1 replication was alleviated. The phenotypes of the 40 and 50 nt deletions were maintained at least 48 h posttransfection as determined by Northern blot analysis of accumulated RNAs (data not shown). These results suggested that the RNA1 dependence of RNA2 replication (Fig. 2, lanes 9 and 10) was actually mediated by RNA3.
RNA1 templates ⌬40 and ⌬50, which were deficient in RNA3 synthesis, produced enhanced levels of RNA1 homodimers (1D in Fig. 2 , lanes 7-8 and 13-14). We have previously shown that low levels of covalently linked homodimers of RNAs 1, 2, and 3, and heterodimers of either RNA1 or RNA2 joined to RNA3, are routinely produced during FHV RNA replication (Albariño et al., 2001) , and such RNA molecules were also observed throughout this work (see below). The enhanced synthesis of RNA1 homodimers during replication of the ⌬40 and ⌬50 mutants is consistent with a role for RNA3 in resolving RNA1 dimers, but further work is necessary to examine this possibility.
Mutations in autonomous RNA1 replicons that inhibited RNA3 synthesis also inhibited RNA2 replication
To examine whether the apparent RNA3 dependence of RNA2 replication extended to the more natural situation where the same RNA1 molecule functioned as both RdRp mRNA and replication template, we constructed autonomous RNA1 replicons that were defective in RNA3 synthesis. To this end, nucleotide substitutions were introduced in the RNA1 sequence of FHV1(1,0) (Ball, 1995) as shown in Fig. 3A ; these were chosen so as to maintain the wild-type (wt) coding sequence of ORF A. Individually, G2721 was changed to A, C, or U; U2722 was changed to C; A2724 was changed to G; and A2727 was changed to C, G, or U. In addition to the single-nucleotide mutants, we also examined a double mutant (DBL) containing G2721C and U2722C as well as a triple mutant (TRPL) containing the same two substitutions plus a third change of G2633U. While each of the other mutations, including the adjacent mutations shared by DBL and TRPL, was translationally silent, G2633U changed ORF A codon 865 from tryptophan to leucine (Trp865Leu) but did not inactivate the RdRp (see below).
BSRT-7/5 cells were transfected with WT or mutant RNA1 transcription plasmids, and replication products were visualized by metabolic labeling as before. Different mutations affected RNA3 synthesis to different extents (Fig. 3B, lanes 1-7) . For G2721A, synthesis of RNA3 monomers appeared almost normal, whereas synthesis of RNA3 dimers was greater than normal. RNA3 synthesis was decreased for G2721U and U2722C and decreased even further for G2721C and DBL. RNA1 dimers were particularly apparent from G2721C, again illustrating the reciprocal relationship between the levels of RNA1 dimers and RNA3. A2724G was phenotypically similar to U2722C, and substitutions at 2727 had little or no effect on RNA3 synthesis (data not shown). The most extreme phenotype was that of TRPL, where RNA3 synthesis was undetectable (Fig. 3B , lane 6). Together with the deletions shown in Fig. 2 , these results suggest that important determinants for RNA3 synthesis reside in a region of RNA1 that includes position 2721 and spans at least the 20 nt upstream and several nucleotides downstream.
When examined for their abilities to replicate RNA2, each of the RNA1 mutants that showed reduced RNA3 synthesis also showed reduced RNA2 replication, as evident by reduced synthesis of RNA2 monomers and dimers (2D) relative to RNA1 (Fig. 3B, lanes 9-15) . Because the RNA1 replicons were self-supporting and some replicated at different rates, the amount of RdRp was expected to vary. To accommodate this, the levels of RNA2 and 3 were normalized to RNA1 in this and all subsequent experiments. Reduced RNA2 replication was particularly apparent for G2721C, U2722C, and DBL (Fig. 3B, lanes 11, 13, and 15) , and RNA2 replication was undetectable from TRPL (Fig. 3B, lane 14) . Consistent with their RNA3 phenotypes, A2724G and U2722C supported similar levels of RNA2 replication, and substitutions at position 2727 had little or no effect (data not shown). These results reinforced the conclusion that the ability to support RNA2 replication correlated with RNA3 transcription.
RNA2 replication did not require the proteins encoded by RNA3
RNA3 encodes two small nonstructural proteins, B1 and B2. Protein B1 is identical to the C-terminus of protein A, whereas B2 is encoded in the overlapping ϩ1 reading frame with respect to ORF A/B1 ( Fig. 1) Harper, 1994; . To determine whether the lack of protein B1 or B2 encoded by RNA3 was responsible for reduced RNA2 replication, we tested RNA1 mutants unable to express either B1 or B2. The B1 ORF knock-out (B1KO) and B2 ORF knock-out (B2KO) mutations were described previously (see Materials and Methods) (Ball, 1995) . The B1KO mutant contained a Met1Leu mutation that eliminated the B1 initiation codon. The conservative substitution in ORF A (Met897Leu) did not affect RdRp activity. The B2KO mutant contained a Met1Thr/Ser58stop double mutation that did not alter ORF A/B1. Neither the B1KO nor B2KO mutation significantly inhibited RNA1 replication or RNA3 transcription (Fig. 3B , lane 8, and data not shown), consistent with our previous results (Ball, 1995) and those of Price et al. (2000) . Moreover, both B1KO and B2KO supported RNA2 replication at least as well as WT RNA1 (Fig. 3B, lane 16 , and data not shown). These results indicated that although RNA2 replication required RNA3 synthesis, it did not depend on the expression of either protein B1 or B2.
RNA2 replication was impaired for both positive-and negative-strand synthesis
To quantitate RNA replication products and to determine whether the inhibition was strand-specific, the steady-state levels of viral RNAs were assayed by Northern blot analysis. As before, RNA replication was initiated by transfection of RNA1 transcription plasmids with or without FHV2(0,0). Total cellular RNAs were harvested 48 h posttransfection, resolved on denaturing gels as described above, and transferred to nylon membranes. RNAs on each membrane were then hybridized with a pair of oligonucleotide probes complementary to either positive-sense (Fig. 4A ) or negative-sense (Fig. 4B) FHV   FIG. 3 . Substitutions in autonomous RNA1 replicons that disrupt RNA3 synthesis also disrupt RNA2 replication. (A) Location of single and multiple substitutions in RNA1 near G2721. Partial nucleotide sequences around nt 2721 and at the 3Ј terminus of RNAs 1 and 3 are shown, as is the 5Ј cap on RNA3. The translation initiation codon of ORF B1 on RNA3 is underlined. Mutations were introduced into the plasmid FHV1(1,0) as described under Materials and Methods. G2721 and A2727 were individually changed to all possible residues. U2722 and A2724 were changed to C and G, respectively. Data for substitutions at 2724 and 2727 (labeled in light gray) are not shown but are described under Results. The DBL and TRPL mutants each contained G2721C and U2722C, but G2633U was unique to TRPL. The properties of G2633U as a single mutant were also examined (see Figs. 4 and 5) . (B) Substitutions in RNA1 near G2721 impaired both subgenomic RNA3 synthesis and RNA2 replication. Cells were transfected with plasmids encoding WT or mutant RNA1 as indicated, in the absence or presence of FHV2(0,0). Labeling and analysis of replication products were as described for Fig. 2 . Lane 17 contained RNA from cells transfected with FHV2(0,0) alone. B2KO, mutant RNA1 with disrupted ORF B2; 2D, homodimers of RNA2.
RNAs 1 and 2. The probes that hybridized to RNA1 were complementary to the RNA3 region of RNA1 and thus also detected RNA3 of the respective polarity. Unreplicated primary transcripts of RNAs 1 and 2 generated in vivo by T7 RNA polymerase were not detectable above background (Fig. 4A , lane 20, and data not shown). Thus, aside from nonspecific detection of 18S and 28S rRNAs in all samples, including those from mock-transfected cells (Fig. 4, lane 10) , all RNA species visible in the blots shown in Fig. 4 were products of FHV RNA replication.
Overall, the pattern of positive-sense FHV RNA accumulation (Fig. 4A ) resembled the pattern of RNA replication products detected by metabolic labeling (Fig. 3B) . This was expected because positive-sense RNAs are produced in about 20-to 100-fold excess over negativesense species (Ball, 1994 ) and were therefore the major RNAs labeled by incorporation of [ 3 H]uridine. Even in the absence of RNA2, positive-sense RNA1 accumulation was reduced for some RNA1 mutants such as DBL, TRPL, G2633U, and B2KO (Fig. 4A, lanes 6-9) . Because of differences in RNA1 accumulation, it was necessary to normalize RNA3 relative to RNA1 to accurately compare RNA3 levels. The ratios of positive-sense RNA3 to positive-sense RNA1 are presented as percentages of the wild-type ratio below the blot shown in Fig. 4A, lanes 1-9. The results substantiated the effects of the mutations on RNA3 synthesis (Fig. 3B) and further showed that mutations G2721A and B2KO, respectively, decreased and increased the levels of RNA3 relative to RNA1 by about threefold (Fig. 4A, lanes 2 and 9) . RNA3 was not detectable above background from TRPL (Fig. 4A, lane 7) , but the significant RNA3 accumulation observed from ,0) alone. Forty-eight hours posttransfection, total cellular RNAs were extracted, resolved by electrophoresis as described for Fig. 2 , and analyzed by Northern blot using probes complementary to positive-sense FHV RNAs 1, 2, and 3 (see Materials and Methods for details of the probes). 28S-and 18S-ribosomal RNAs hybridized weakly to the probes as indicated. Levels of positive-sense RNA3 (left) and RNA2 (right) were normalized to RNA1 and are expressed between A and B as percentages of the WT levels. (B) Northern blot analysis detecting negative-sense FHV RNAs. As for A except RNAs were hybridized with probes complementary to negative-sense RNAs 1, 2, and 3 (see Materials and Methods for details of the probes); the blot was exposed 10 times longer, and the image was taken at about 10-fold higher intensity to reveal RNA species of low abundance. 1/3D, putative heterodimers of RNAs 1 and 3; 2/3D, heterodimers of RNAs 2 and 3. G2633U (Fig. 4A, lane 8) showed that the phenotype of TRPL depended on the combined effects of all three mutations.
The pattern of negative-sense RNAs (Fig. 4B ) was more complex than that of positive-sense RNAs, as observed before (Albariño et al., 2001) . The mutations exerted similar quantitative effects on accumulation of RNA1 of both polarities (Figs. 4A and 4B, lanes 1-9) , and accumulation of RNA1 dimers was inversely related to RNA3 accumulation. In addition to monomers, we detected covalent dimers and even trimers of negativesense RNA3 (3M, 3D, and 3T, respectively, in Fig. 4B ) from RNA1s that synthesized abundant RNA3 (Fig. 4B,  lanes 1, 2, and 9 ). Negative-sense RNA3 monomers appeared less abundant than dimers for WT and some of the mutants, whereas the opposite was observed for other mutants. We consider the apparent low abundance of negative-sense RNA3 monomers from WT and those mutants which produced high levels of positive-sense RNA3 to be an artifact resulting from the technical difficulty of quantitating very low levels of an RNA in the presence of a large excess of its complement (see below; data not shown; Novak and Kirkegaard, 1991) . Negative-sense RNA3 from TRPL was not detected above background, consistent with the absence of detectable positive-sense RNA3 from this mutant (Figs. 4A and 4B,  lane 7) .
To compare the accumulation of positive-sense RNA2 supported by the various RNA1 mutants, cells were cotransfected with the mutant RNA1 plasmids and FHV2(0,0), and the ratios of positive-sense RNA2 to positive-sense RNA1 were determined from Northern blots (Fig. 4A, lanes 11-19) . RNA1 mutants that were more defective in positive-sense RNA3 synthesis (e.g., G2721C, DBL, and TRPL) also supported reduced accumulation of positive-sense RNA2 relative to that of RNA1 (Fig. 4A, lanes 13, 16, and 17) . Plotting the normalized levels of positive-sense RNA2 against those of RNA3 clearly showed the dependence of RNA2 replication on RNA3 synthesis (Fig. 5) .
During replication, negative-sense RNA2 accumulated not only as monomers but also as covalent homodimers (2D) and heterodimers with RNA3 (2/3D) (Fig. 4B, lanes  11-19) (Albariño et al., 2001) . The accumulation of all three species was reduced when RNA2 replication was supported by RNA1 mutants that underproduced RNA3 (Fig. 4B, see lanes 13 , 16, and 17 in particular), but the RNA2/3 heterodimer appeared to be the most sensitive to a lack of RNA3. There was no significant change in the ratio of positive-to-negative-sense monomeric RNA2 for the mutants as compared to wild-type RNA1 (data not shown), indicating that a lack of RNA3 reduced the accumulation of RNA2 of both polarities.
The phenotypes of the double and triple mutants were constant throughout RNA replication 
In the absence of RNA2, WT RNA1 of either polarity was readily detected 24 h posttransfection as was that of DBL, but RNA1 from TRPL was barely detectable at this time point. Indeed, RNA1 accumulation for TRPL lagged behind that for WT by about 12-24 h throughout the 72 h of the experiment. The delayed replication kinetics of TRPL were largely due to the Trp865Leu substitution in the RdRp (data not shown). However, by 72 h posttransfection, TRPL RNA1 had accumulated to levels at least as great as those of WT.
During replication of WT RNA1, both polarities of RNA3 accumulated with kinetics that paralleled those of RNA1 (Figs. 6A and 6B ). Negative-sense RNA3 monomers, dimers, and trimers appeared sequentially, and at later time points, an RNA species was detected that was tentatively identified as an RNA1/RNA3 heterodimer (1/3D in Fig. 6B ). Although negative-sense RNA3 monomers from WT RNA1 appeared much less abundant than those from DBL, this was most likely because they were obscured by the same technical artifact mentioned above (Novak and Kirkegaard, 1991) . This effect was especially pronounced at 48-72 h when positive-sense monomers were most abundant (compare Figs. 6A and  6B ). Despite this limitation in quantitation, the negativesense RNA3 species made during replication of DBL appeared to be less inhibited than the positive-sense species (compare Figs. 6A and 6B) . Similarly, although a discrete positive-sense RNA3 species was not observed from TRPL even 72 h posttransfection, a very low level of negative-sense RNA3 monomer was detected (Fig. 6B) .
The accumulation of RNA2 monomers, dimers, and RNA2/3 heterodimers increased at all time points analyzed for WT RNA1 and for DBL (Figs. 6C and 6D) . No RNA2-related species were detected in the presence of TRPL. These results confirmed that although replication of TRPL was delayed, RNAs 2 and 3 remained essentially undetectable at this level of sensitivity, even when TRPL RNA1 accumulation had matched that of WT.
Exogenous RNA3 transactivated RNA2 replication
The results presented above suggested that RNA2 replication required RNA3 synthesis. To address this question directly, we tested whether exogenous RNA3 provided to the RdRp in the absence of an RNA1 template could support RNA2 replication. Plasmid FHV3(0,0) directs the T7 RNA polymerase-mediated primary transcription of complete RNA3 without any extraneous nucleotides at either end. Increasing amounts of FHV3 (0,0) were cotransfected into cells with separate plasmids that expressed the RdRp and RNA2. The accumulation of RNA2 replication products was analyzed by Northern blotting as before. Positive-and negative-sense RNA2 accumulated only when RNA3 was provided, and accumulation of RNA2 of both polarities increased as the amount of the plasmid FHV3(0,0) was increased (Fig. 7,  lanes 3-7) . Low amounts of RNA2 dimers of both polarities were also detected (Fig. 7, lanes 6 and 7) . Although heterodimers of RNAs 2 and 3 were not detected at the level of sensitivity shown in Fig. 7 , their characteristic junction sequences (Albariño et al., 2001) were detected by the more sensitive method of reverse transcriptionpolymerase chain reaction (RT-PCR; data not shown). These results demonstrate that RNA3 transactivates RNA2 replication.
DISCUSSION
RNA2 replication requires RNA3
It has long been known that the synthesis of nodaviral subgenomic RNA (RNA3), which is encoded on the larger segment of the viral genome (RNA1), is strongly suppressed by the replication of the smaller genome segment (RNA2) (Gallagher et al., 1983; Zhong and Rueckert, 1993) . In the current study we have identified another aspect of the regulatory relationship between RNAs 2 and 3. Despite the subsequent suppression of RNA3, the results presented above show that RNA2 replication requires RNA3 synthesis. Several lines of evidence substantiate this requirement. First, the RdRp was able to replicate RNA2 only if provided with an RNA1 molecule that was competent as template for both RNA1 replication and RNA3 transcription (Figs. 2 and 3B) . Second, when RNA2 replication was supported by RNA1 mutants that were variously impaired for RNA3 synthesis, the levels of RNA2 replication correlated with the production of RNA3 (Fig. 5) . Third, RNA3 provided directly from a plasmid enabled the RdRp to replicate RNA2 in the absence of an RNA1 template (Fig. 7) . Just as the suppression of RNA3 synthesis was mediated by RNA2 itself rather than by its translation product (Zhong and Rueckert, 1993) , so RNA2 replication did not require either protein B1 or B2, the translation products of RNA3 (Fig.  3B and data not shown) . Together, these results demonstrate that FHV RNA3 synthesis transactivates RNA2 replication. Furthermore, we have recently found that a mutant RNA1 of the related nodavirus Nodamura virus (NoV) that is partially impaired for NoV RNA3 synthesis is also unable to fully support the replication of NoV RNA2 . Thus, coupling of RNA3 transcription and RNA2 replication is evidently not unique to FHV, but also extends to another nodavirus.
A novel function for an RNA molecule
To our knowledge, this is the first report of transactivation of RNA replication mediated by another RNA molecule. A related phenomenon, RNA-mediated transcriptional transactivation, was first described for the Dianthovirus Red clover necrotic mosaic virus (RCNMV). In RCNMV, the smaller segment of the bipartite RNA genome transactivates transcription of a subgenomic RNA from the larger segment by forming an intermolecular base-paired complex that prematurely terminates negative-strand RNA synthesis (Sit et al., 1998) . The subgenomic RNA dependence of genomic RNA2 replication reported here for FHV appears to be the opposite of the strategy employed by RCNMV, although for both viruses the regulated RNA encodes the capsid proteins. The functions of FHV RNA3 and the RCNMV smaller genomic RNA as transactivators extend the well-characterized biological roles of RNA molecules as genomes, messages, adaptors, primers, structural scaffolds, and catalysts.
Coordination of genome segment replication
Viruses with segmented genomes such as nodaviruses require a mechanism to coordinate the replication of genomic RNA segments that might otherwise compete with one another. For example, excessive or premature replication of FHV RNA2 could undermine replication of RNA1 in two ways: by direct competition for limiting amounts of the RdRp, or by expressing so much capsid protein that virion assembly outstrips RNA replication. We propose that the RNA3 dependence of RNA2 replication provides a mechanism to coordinate replication of the two genome segments. The requirement for an RNA that was produced during RNA1 replication would ensure that the RdRp could not replicate RNA2 until it had produced at least a minimum threshold amount of RNA1 that was sufficient to stably support continued RNA1 amplification. The subsequent suppression of RNA3 synthesis by RNA2 may also facilitate coordination. If left unchecked, RNA3 synthesis might promote overabundant RNA2 replication (as suggested by the phenotype of the B2KO mutant, for example), thereby unbalancing replication of RNAs 1 and 2. Therefore, by suppressing RNA3 synthesis, RNA2 may indirectly down-regulate its own replication.
Individual segments of another viral RNA genome have also been shown to exert trans-acting effects on RNA replication. In the case of the plant virus Brome mosaic virus (BMV), the RNA segment that encodes the subgenomic RNA largely determines the positive:negative strand asymmetry of all three genome segments, and nucleotide sequences spanning the subgenomic promoter are the major determinants of this effect (Marsh et al., 1991) . This observation illustrates another mechanism by which the replication of multiple genome segments may be coordinated.
Transactivation requirements
The observation that RNA3 transcribed from plasmid FHV3(0,0) transactivated RNA2 replication (Fig. 7) showed that synthesis of RNA3 from RNA1 was not a prerequisite for transactivation. Moreover, because the 3Ј ends of RNA1 templates transcribed from FST⌬40 and ⌬50 contained the same nucleotide sequence as wildtype RNA3 and RNA3 transcribed from plasmid FHV3(0,0), their inability to support RNA2 replication (Fig.  2) indicated that the RNA3 sequence could not transactivate in the context of the larger RNA1 molecule. This implied that transactivation required some feature unique to RNA3 and absent from RNA1, such as the local sequence context of the 5Ј end or maybe a unique secondary structure.
Possible mechanisms of transactivation
In view of the regulatory interplay between RNAs 2 and 3 (Fig. 1) , it was intriguing to find negative-sense RNAs that contained covalently linked sequences of RNAs 2 and 3 (RNA2/3 heterodimers). Such RNAs from FHV have been characterized in detail elsewhere (Albariño et al., 2001) , and similar molecules have also been detected during RNA replication of another nodavirus, Pariacoto virus (K. N. Johnson and L. A. Ball, unpublished data) . Albariño et al. (2001) showed that a negative-sense FHV RNA2/3 heterodimer could serve as a template to initiate RNA2 replication, a property consistent with a direct role in transactivation. However, it remains to be determined how such heterodimers are made. Nevertheless, the unique junction sequences that are diagnostic of these molecules were detected by RT-PCR after transactivation of RNA2 replication by exogenous RNA3 as shown in Fig.  7 , indicating that heterodimers were formed even under these minimal conditions in the absence of a replicating RNA1 template. Because their presence correlates with RNA2 replication, we are currently examining the possibility that RNA2/3 heterodimers are directly involved in the mechanism of transactivation. However, there are several other possibilities: for example, RNA3 might recruit to the replication complex a host factor uniquely required for RNA2 replication, or RNA3 might be required to bind to the RdRp to somehow extend the enzyme's template specificity to RNA2. Although further studies will be required to elucidate the mechanism, the transactivation described above represents a novel function for an RNA molecule and serves to coordinate the replication of the viral genome segments.
MATERIALS AND METHODS
Plasmid construction and mutagenesis
All plasmids constructed for this work were generated using standard methods of DNA manipulation (Sambrook and Russell, 2001 ). When PCR mutagenesis was used, small PCR fragments were substituted into the parental plasmids and the intended sequences were verified.
Plasmids encoding FHV RNA1, RNA2, or RNA3
Plasmids FHV1(1,0) and FHV2(0,0) have been described (Ball, 1994 (Ball, , 1995 . These transcription plasmids contained full-length cDNA of FHV RNA1 or RNA2 immediately downstream of a T7 promoter and immediately upstream of a cDNA of the self-cleaving hepatitis delta virus antigenomic ribozyme (Perrotta and Been, 1991) positioned to cleave at the 3Ј end of the viral sequences. A T7 transcriptional terminator (Rosenberg et al., 1987) followed the ribozyme. Numbers in parentheses reflect the number of nonviral nucleotides at the 5Ј-and 3Ј-termini, respectively, of the T7 transcripts after ribozyme cleavage. Plasmid FHV3(0,0) contained a cDNA corresponding to nt 2721-3107 of FHV RNA1 (i.e., the complete sequence of RNA3) between the T7 promoter and the ribozyme.
Plasmids encoding substitution mutants of RNA1
Plasmids containing the G2721A and G2721T mutations of FHV RNA1 have been described (mutations 3 and 4 of Ball, 1995) . However, these mutations were originally made in a clone of RNA1 that had a deletion of a C at position 6, whereas all the RNA1 plasmids used in the current study were derived from an RNA1 clone that had the C6 of wild-type FHV RNA1. To generate FHV1(1,0)G2721A, a restriction fragment containing the G2721A mutation from mutant 3 of Ball (1995) replaced the wild-type fragment in FHV1(1,0). FHV1(1,0)G2721U and G2721C were constructed by similar restriction fragment exchanges either from a derivative of plasmid pF1-GFP C2 that had the G2721U mutation or from a derivative of plasmid pF1 (Price et al., 2000) that had the G2721C mutation, respectively. FHV1(1,0)U2722C, A2724G, and G2727A/C/U were constructed by standard PCR mutagenesis of FHV1(1,0). Adjacent mutations G2721C/ U2722C were introduced into FHV1(1,0) to make plasmid DBL. One clone (TRPL) had an additional unintended mutation of G2633U. Plasmid FHV1(1,0)G2633U that contained only the G2633U substitution was generated from FHV1(1,0) by PCR mutagenesis. Plasmids containing RNA1 mutants unable to express protein B1 or B2 have been described (mutation 5 and mutations 6 ϩ 7, respectively, of Ball, 1995) and are referred to as B1KO and B2KO in the current study.
Plasmids encoding full-length and deleted RNA1 templates
A plasmid expressing a full-length, frame-shifted RNA1 template was described previously (mutation 1 of Ball, 1995) and is referred to as FST in this work. FST has a 4-nt insertion after position 1459 of RNA1, resulting in a frameshift of ORF A after codon 473 and termination of translation at codon 475. Nested deletions that shared an upstream boundary at nt 2670 were introduced in FST using PCR mutagenesis, thereby removing 10, 30, 40, or 50 nt toward position 2721. The resulting plasmids were designated FST⌬x, where "x" refers to the number of nucleotides deleted.
An FHV protein A expression vector
pTM1 is an expression vector that contains a T7 promoter for transcription initiation and a cDNA of an encephalomyocarditis virus IRES to allow cap-independent translation initiation of an inserted ORF (Moss et al., 1990) . The entire FHV ORF A, including start and stop codons but excluding the 5Ј-and 3ЈUTRs of RNA1, was inserted into the multicloning site of pTM1. To increase the length of the 3ЈUTR of the protein A mRNA, 20 nt of bacteriophage X174 sequence was inserted immediately downstream of ORF A. Mutations G2721C/U2722C from DBL were introduced to generate the final plasmid, pTMFA. This dinucleotide change did not alter ORF A but was included to reduce the possibility that the RdRp might transcribe a subgenomic RNA using the mRNA transcribed from pTMFA as template.
Cells and plasmid transfection
BSR-T7/5 cells constitutively express T7 RNA polymerase and were derived from baby hamster kidney (BHK-21) cells (Buchholz et al., 1999) . Cells were maintained as described previously ) and transfected with plasmid DNA at 28°C as described (Albariño et al., 2001 ) except that cells were transfected for 6 h, washed once with Dulbecco's modified essential medium (DMEM), and replenished with DMEM supplemented with 5% fetal bovine serum. The medium was replenished after 18 h incubation at 28°C, and cells were labeled or harvested at 48 h posttransfection except where indicated otherwise. Cells in 35-mm-diameter tissue culture plates were transfected with 5 g FHV1(1,0) or its derivatives, 1 g pTMFA, 2.5 g FST or plasmids encoding deleted RNA1 templates, and 0.25 g FHV2(0,0). The amounts of FHV3(0,0) transfected are indicated in the legend to Fig. 7. RNA labeling, extraction, and analysis RNA replication products were labeled for 4 h by metabolic incorporation of [ 3 H]uridine in the presence of actinomycin D to inhibit DNA-dependent RNA synthesis (Ball, 1992) , and total cellular RNAs were extracted using guanidinium thiocyanate (RNAgents System, Promega) (Chomczynski and Sacchi, 1987) . Seventeen percent (Fig.  2) or 12% (Fig. 3B ) of the RNA obtained from a 35-mmdiameter well was resolved by electrophoresis on denaturing 1% agarose-formaldehyde gels (Lehrach et al., 1977) . Labeled RNAs were visualized by fluorography (Bonner and Laskey, 1974) .
Northern blot analysis of RNAs
Total cellular RNAs were extracted and purified away from residual plasmid DNA as described (Albariño et al., 2001 ). An amount of 1.5 g/lane (Figs. 4 and 6 ), 2 g/lane (Fig. 7, lanes 1-7) , or 0.4 g/lane (Fig. 7, lanes 8 and 9) of each RNA sample was resolved by electrophoresis on duplicate gels as described above. RNAs were transferred to duplicate nylon membranes (Nytran SuPerCharge, Schleicher & Schuell) and fixed by baking at 80°C for 2 h. Membranes were prehybridized at 44°C for 4 h, probed overnight at 44°C with 32 P end-labeled oligonucleotides [2 ϫ 10 6 cpm of each except 6 ϫ 10 6 cpm of the probe complementary to negative-sense RNAs 1 and 3 (see below)], and washed according to the manufacturer's protocols. Duplicate membranes were probed to detect positive-or negative-sense FHV RNAs. Oligonucleotides used as probes were complementary to positive-sense FHV RNAs 1 and 3 nt 2801-2819, negativesense FHV RNAs 1 and 3 nt 2817-2836, positive-sense FHV RNA2 nt 230-252, and negative-sense FHV RNA2 nt 1334-1353. Control experiments in which membranes were probed with individual probes indicated that each probe was strand-specific and specific for its intended target. Probed blots were exposed to a storage phosphor screen for 2 or 20 h to detect positive-or negative-sense FHV RNAs, respectively, and visualized using a STORM-860 PhoshorImager digital radioactivity imaging system and ImageQuant v.1.2 software (Molecular Dynamics). Positive-sense monomeric RNAs were quantified from the blot shown in Fig. 4A , and background values for RNA1s and 3 were determined from a region corresponding to the migration of each RNA species in a lane containing RNA from mock-transfected cells (Fig. 4A,  lane 10) ; similarly, the background value for RNA2 was determined from a lane containing RNAs from cells transfected with FHV2(0,0) alone (Fig. 4A, lane 20) . After background subtraction, the ratios of RNA3 to RNA1 and of RNA2 to RNA1 were calculated and plotted (Fig. 5) . Because the levels of RNAs 2 and 3 were normalized to RNA1 within each lane, variations in gel loading did not affect the observed ratios.
